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REMARKS 

New claims 20-22 are added herein. Support is found, for example, at the paragraph 
bridging pages 10 to 11 of the specification, the first full paragraph at page 13, Examples 1 and 2 
in the specification as filed. No new matter is presented. 
Response to Claim Rejections under 35 U.S.C. § 103 

A. Koji et al in view of Wells 

Claims 1, 4-6, 9-11 and 14-19 are rejected under 35 U.S.C. § 103(a) as allegedly being 
unpatentable over Koji et al (JP 07-304620) in view of Wells et al (US 4,356,280). 

Applicants traverse the rejection and submit that the Examiner has not set forth a prima 
facie showing of obviousness. 

The present invention relates to an antimicrobial composition comprising: (1) tetravalent 
metal phosphate-based antimicrobial particles represented by Formula (1); and (2) inorganic 
compound particles having a Mohs hardness of equal to or less than 6. The maximum particle 
size of these particles is substantially equal to or less than 10 \xm. The tetravalent metal 
phosphate-based antimicrobial particles and the inorganic compound particles have an average 
particle size of 0.1 to 5um, and the average particle size of the inorganic compound particles is 
equal to or smaller than the average particle size of the tetravalent metal phosphate-based 
antimicrobial particles. 

As previously noted, Koji et al does not disclose, teach nor suggest the feature of the 
average particle size of the inorganic compound particles is equal to or smaller than the average 
particle size of the tetravalent metal phosphate-based antimicrobial particles as recited in present 
claim 1 for the reasons of record, which are incorporated herein. 
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In the Action dated March 19, 2009, the Examiner asserts that the calcium phosphate salt 
system and the zeolite system taught by Koji et al are comparison references and therefore one of 
ordinary skill in the art would formulate the tetravalent metal phosphate system (i.e., phosphoric 
acid zirconium salt system) having approximately the same particle size as the comparison 
references calcium phosphate salt system and zeolite system (i.e., 1.2 or 2.6 um). 

However, Applicants submit that Koji et al does not teach nor suggest anything about the 
average particle size of tetravalent metal phosphate-based antimicrobial particles. The calcium 
phosphate system of Koji et al does not correspond to the tetravalent metal phosphate-based 
particles of the present invention and there is no motivation for one of ordinary skill in the art to 
combine the references and to use the tetravalent metal phosphate-based antimicrobial particles 
together with the inorganic compound particles such as titanium dioxide. 

As previously noted, Koji et al addresses the problem of discoloration and deterioration 
of the resin. On the other hand, the tetravalent metal phosphate-based particles of the present 
invention cause the problem that an area of equipment that is running in contact with a molding 
is easily worn when the molding is produced by adding the tetravalent metal phosphate-based 
antimicrobial agent to a resin (described at page 1, lines 20-23 of the present specification). 
When using a calcium phosphate salt system as in Koji et al, the above-mentioned problem in the 
present invention does not occur. Although Koji et al discloses the use of a calcium phosphate 
salt system having the average particle size of 1.2 um, there is no apparent reason to use 
tetravalent metal phosphate particles having an average particle size of 0.1 to 5 um as presently 
claimed. As stated above, the calcium phosphate system of Koji et al does not correspond to the 
tetravalent metal phosphate-based antimicrobial particles of the present invention. Therefore, 
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Koji et al does not teach nor suggest the use of the tetravalent metal phosphate-based particles 
within the claimed range. 

Moreover, Koji et al does not describe the relation of the particle size between the 
tetravalent metal phosphate-based particles and the inorganic compound particles. 

The Examiner relies on Wells as teaching that titanium dioxide is a particularly preferred 
additive in spinning highly viscous synthetic polymer fibers used to decrease the luster resulting 
fiber spun from the molten polymer, wherein the preferred average diameter is 0.1 to 0.5 um, 
most preferably 0.2 um or less. Thus, the Examiner asserts that one of ordinary skill in the art 
would have been motivated to use the titanium dioxide with an average diameter of 
approximately 0.2 um, which would have been smaller than the particle size of the tetravalent 
metal phosphate-based particles. 

Applicants disagree. 

In column 3, lines 2 to 5, Wells it is describes that "Anatase titanium dioxide is the 
preferred form for delustering synthetic fibers because it is softer than rutile , thereby giving 
lower abrasiveness in yarn processing equipment". One skilled in the art would not be motivated 
to apply a powder material harder than the anatase titanium dioxide to the dispersion for 
incorporation with polyamide or polyester polymer. In other word, Wells teaches away from 
particles harder than the anatase titanium dioxide. 

The tetravalent metal phosphate-based antimicrobial particles have a greater Mohs 
hardness than the inorganic compound particles used in the present invention. Applicants submit 
documents herewith that disclose that "NZP" has a Mohs hardness of more than 6.5. NZP means 
sodium-zirconium-phosphates and its crystal structural analogs, and NZP corresponds to the 
compound represented by formula (1) of the present invention, wherein a=0. 
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Document No. 1 (V. I. Pet'kov and E. A. Asabina, "Thermophysical properties of NZP 
ceramics (a review)", Glass and Ceramics, vol. 61, Nos. 7-8, 2004, pp. 233-239) discloses that 
NZP has Rockwell hardness of HRA 90 (page 234, left column, line 1). 

Document No. 2 (Mineral Hardness Conversion Chart from CiDRA® Precision Services, 
LLC), HRA 86 is equivalent to a Mohs hardness of 6.5. Therefore, NZP has Mohs hardness of 
greater than 6.5 (HRA 90) and the hardness is like that of quartz. 

The tetravalent metal phosphate-based antimicrobial particles used in the present 
invention are expected to have Mohs hardness of greater than 6.5. In other words, the tetravalent 
metal phosphate-based antimicrobial particles are expected to be harder than anatase titanium 
dioxide. Thus, one of ordinary skill in the art would not have been motivated to use the 
tetravalent metal phosphate-based antimicrobial particles of the present invention together with 
the inorganic compound particles such as titanium dioxide as taught by Wells with a reasonable 
expectation of success. 

Moreover, in Wells, anatase titanium dioxide is added in order to deluster synthetic fibers 
(see column 3, lines 3 to 4). On the other hand, in the present invention, the inorganic particles 
are added in order to improve the processability of a fiber or a film to which the antimicrobial 
composition is added. The object of adding the inorganic particles is very different. 

In Wells, in order to deluster synthetic fibers, it is preferable for anatase titanium dioxide 
to be fine and the preferred average diameter is 0.1 to 0.5 um, most preferably 0.2 urn or less 
(see column 3, lines 15 to 16). The specific diameter of the anatase titanium dioxide used in the 
Example of Wells is not disclosed. That is, Wells is silent as to the average particle size of 
anatase titanium dioxide specifically employed in the Example. 
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In the present invention, if the average particle size of less than 0.1 urn, when mixed with 
a fiber resin they aggregate and thus easily form coarse particles, thereby causing filter blockage 
and filament breakage during melt spinning. 

Thus, the preferred diameter of the inorganic particles in the present invention is different 
from that taught in the prior art due to the difference of the object of adding the inorganic 
particles. 

Further, as admitted by the Examiner, Wells et al does not teach nor suggest the use of 
the tetravalent metal phosphate particle as an antimicrobial agent. Therefore, one of ordinary 
skill in the art would not use the tetravalent metal phosphate-based antimicrobial agent which has 
an average particle size being equal to or larger than the inorganic powder having a Mohs 
hardness of equal to or less than 6. 

Even further, as previously pointed out, the present invention provides unexpectedly 
superior results. Comparing Example 4 and Comparative Example 4 of the present application, 
Comparative Example 4, which uses an inorganic compound having a larger average particle size 
than that of the tetravalent metal phosphate-based antimicrobial agent, causes a much greater 
number of filament breakages than that of Example 4 which uses an inorganic compound having 
an equal average particle size as that of tetravalent metal phosphate-based antimicrobial agent. 

By using the inorganic compound having an average particle size equal to or less than 
that of the tetravalent metal-based antimicrobial agent, the number of filament breakages can be 
suppressed. This superior result is unpredictable and would not have been reasonably expected 
by those of ordinary skill based on the disclosure of Koji et al and Wells et al, whether taken 
alone or in combination. 

Accordingly, Applicants respectfully request withdrawal of the rejection. 
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B. Hideki et al in view of Wells 

Claims 1, 4-6, 9-11 and 14-19 are rejected under 35 U.S.C. § 103(a) as allegedly being 
unpatentable over Hideki et al (JP 10-265314) in view of Wells et al. 

The Examiner asserts that Hideki et al teaches an example wherein the antimicrobial 
powder has a mean particle diameter of 0.9 urn or 1.3 urn, and the calcium-carbonate powder has 
a mean particle diameter of 9.7 um ([0017] and [0018]). 

The Examiner further relies on Wells et al as teaching that titanium dioxide is a 
particularly preferred additive in spinning highly viscous synthetic polymer fibers used to 
decrease the luster of the resulting fiber spun from the molten polymer, wherein the preferred 
average diameter is 0.1 to 0.5 um, most preferably 0.2 um or less. Therefore, one of ordinary 
skill in the art would have been motivated to use titanium dioxide with an average diameter of 
approximately 0.2 um, which would be smaller than the particles size of the tetravalent metal 
phosphate-based particles. 

Applicants traverse the rejection and submit that the Examiner has not set forth a prima 
facie showing of obviousness. Specifically, there is no motivation for one of ordinary skill in the 
art to combine the references and to use the tetravalent metal phosphate-based antimicrobial 
particles together with the inorganic compound particles such as titanium dioxide for the reasons 
discussed above. 

Hideki et al also fails to disclose, teach or suggest the feature of the average particle size 
of the inorganic compound particles is equal to or smaller than the average particle size of the 
tetravalent metal phosphate-based antimicrobial particles as recited in present claim 1 . 



11 



AMENDMENT UNDER 37 C.F.R. § 1.111 Attorney Docket No.: Q88728 

Application No. : 1 0/542,732 

Hideki et al does not describe an inorganic compound having an average particle size of 
0.1 to 5 um. Hideki et al uses CaC0 3 particles having the average particle size of 9.7 um which 
does not fall within the scope of the present invention. 

Furthermore, Hideki uses an inorganic compound having an average particle size that is 
larger than that of the tetravalent metal phosphate T based antimicrobial agent of the present 
invention. 

The Examiner relies on Wells as teaching that titanium dioxide is a particularly preferred 
additive in spinning highly viscous synthetic polymer fibers used to decrease the luster resulting 
fiber spun from the molten polymer, wherein the preferred average diameter is 0.1 to 0.5 um, 
most preferably 0.2 um or less. Thus, the Examiner asserts that one of ordinary skill in the art 
would have been motivated to use the titanium dioxide with an average diameter of 
approximately 0.2 um, which would have been smaller than the particle size of the tetravalent 
metal phosphate-based particles. 

Applicants disagree. 

As noted above, in column 3, lines 2 to 5, Wells describes that "Anatase titanium dioxide 
is the preferred form for delustering synthetic fibers because it is softer than rutile , thereby 
giving lower abrasiveness in yarn processing equipment". One skilled in the art would not be 
motivated to apply a powder material harder than anatase titanium dioxide to the dispersion for 
incorporation with polyamide or polyester polymer. In other word, Wells teaches away from 
particles harder than the anatase titanium dioxide for the reasons set forth above. 

Therefore, one skilled in the art who considers the disclosure of Hideki et al would not 
use an inorganic compound having an average particle size of 0.1 to 5 um, and would not use an 
inorganic compound having an average particle size equal to or smaller than that of the 
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tetravalent metal phosphate-based antimicrobial agent. Thus, the present invention is not 
rendered obvious by Hideki et al and Wells et al, whether taken alone or in combination. 
Accordingly, Applicants respectfully request withdrawal of the rejection. 

II. New Claims 

New claims 20-22 ultimately depend from claim 1 and are patentable for at least the same 
reasons. 

New claim 20 recites an average particle size of 0.2 to 2 um, which is not disclosed, 
taught or suggested by Wells et al, which is relied on by the Examiner. For this additional 
reason, new claim 20 is patentable over the cited references, whether taken alone or in 
combination. 

New claim 21 recites an embodiment wherein the average particle size of the tetravalent 
metal phosphate-based antimicrobial particles and the inorganic compound particles have an 
average particle size substantially in the range of 0.4 to 0.9 \im, which is not taught or suggested 
by Wells et al. For this additional reason, new claim 21 is patentable over the cited references, 
whether taken alone or in combination. 

New claim 22 recites and embodiment wherein an additive ingredient can be added. In 
Wells, glyceride is an essential component of the dispersion for incorporation with a polyamide 
polymer or a polyester polymer. However, new claim 22 does not include the addition of 
glyceride in the resin composition. For this additional reason, new claim 22 is patentable over 
the cited references, whether taken alone or in combination. 

III. Conclusion 

In view of the above, reconsideration and allowance of this application are now believed 
to be in order, and such actions are hereby solicited. If any points remain in issue which the 
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Examiner feels may be best resolved through a personal or telephone interview, the Examiner is 
kindly requested to contact the undersigned at the telephone number listed below. 

The USPTO is directed and authorized to charge all required fees, except for the Issue 
Fee and the Publication Fee, to Deposit Account No. 19-4880. Please also credit any 
overpayments to said Deposit Account. 



Respectfully submitted, 



SUGHRUE MION, PLLC 
Telephone: (202) 293-7060 
Facsimile: (202) 293-7860 




WASHINGTON OFFICE 



23373 



CUSTOMER NUMBER 



Date: July 17,2009 
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THERMOPHYSICAL PROPERTIES OF NZP CERAMICS (A REVIEW) 



V. I, Pct'kov 1 and E. A. Asabina 1 



Transited from Steklo i Keramika, No. 7, pp. 23 - 29, July, 2004. 

Data on the themiophysical properties of NZP ceramics with the NnZr,(P0 4 ) 3 -type structure are summarized. 
A system of thermal expansion regularities is proposed making it possible to predict NZP materials with con- 
trollable thermal expansion, including ultralow expansion with near-zero anisotropy. The thermodynamic 
functions of the reactions of synthesis of NZP phosphates arc calculated and the applicability of ceramic tech- 
nology is justified. It is proposed to use NZP ceramics as heat-insulating materials capable of working under 
abrupt temperature shifts. 



The NZP crystallographic family with the basic structure 
of phosphate NaZr 2 (P0 4 ) 3 includes compounds and solid so- 
lutions described by the chrystallochcmical formula 

(Ml >„ _ ,(M2) 0 _ ,{[Lj(X0 4 )j r } 3 « . 

where {[L 2 (X0 4 ) 3 f~ } im is the skeletal framework (p is the 
Charge or the skeleton); (Ml)^ (MS),,,,., are the types of 
non-skeletal cation positions denoting the number of posi- 
tions in each type. 

The skeletal framework is formed by LO fr octahedra and 
X0 4 tctrahedra joined by their vertices (Fig, 1 ); the vacancies 
Ml and M2 have different sizes and are convenient for incor- 
porating a wide range of charge-compensating cations. 

The majority of the representatives of the NZP family 
contain phosphor as the anion-forming element X. There are 
NZP-stnicture phases known in which phosphor is fully or 
partially replaced by silicon, germanium, arsenic, vanadium, 
sulfur, molybdenum, or tungsten. The slructure-forming cat- 
ions L with predominantly covalent metal - oxygen bonds 
have degrees of oxidation ranging from +1 to +5. These arc, 
for instance, Nb 5+ , Ta J+ , Ti 4+ , Hf 4 *, Gc* + , Sn^. Mo** V* + , 
Sc 3+ , Y 3+ , Ln 3+ (lanthanides). V 3 \ Cr 3 *, Fe>+ AP\ Ga^ t 
In 3T , Ti 3+ , Mg 2 *, Mn 2+ , Cu 2+ , Co 3 \ Ni 2+ , Zn 2+ , Na + , and 
others. The positions L of the skeleton are frequently occu- 
pied by a combination of these cations. The non-skeleton 
positions Ml and M2 may be filled by the same or different 
cations, mainly low-charge ones with degree of oxidation 
from +1 to +4, or they may stay vacant depending on the de- 
gree of oxidation of the ions in positions L and X and the 
electroneutrality of the compound in general. 

The resistance of an NZP structure to fluctuations in the 
chemical composition, temperature, and pressure is deter- 

' N, I, Lobtiehcvekii Nizhny Novgorod State University, Nizhny Novgorod, 



mined by relatively rigid structural fragments Lj(X0 4 ) 3 with 
strong bonds inside the group and uniformly distributed va- 
cancies of different sizes, which act as buffers in the case of 
distortion of the skeleton as a consequence of its reaction 
with the non-skclclal cations. Considering the wide iso- 
morphism (mutual substitution) of cations in all crysrallo- 
grapbic positions (M. L, and X), the possibility of ions of dif- 
ferent degrees of oxidization and sizes occupying the skeletal 
positions, and also diverse variants of the skeletal charge 
compensation, the set of compounds and solid solutions, ei- 
ther known or predicted based on crystallochemical data, be- 
comes quite extensive. A controlled modification of the NZP 
phase compositions provides for ample diversity, smooth 
variations, and control of its properties. 

The increasing interest in materials with the NZP-type 
structure is due to the expanding possibilities of using them 
as high-tech ceramics that have the unique ability of not ex- 
panding under heating, This property of phosphates along 
with their high melting temperatures (Table I) and physico- 
mechanical parameters (bending strength 1 100 MPa, Young's 
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TABLE 1 



Compound 


Melting 
Idceomposi- 
tion) tempe- 


Compound ' 


Melting 
decorapoai- 
on) tempe- 




rature, K 






LtZr 2 (P0 4 ) 3 


1963 




t973 


Na2rjCP04), 


1923 


Ba^TijCPO^ 


1641 




1833 


Bai^r^.lySisaON 
Na,FcZr(P0 4 ) 3 


1773 


Na s Zr(P04)3 


1433 


1273 




1273 


Li^ J3 Zr 2 (P0 4 )3 
(Ln " La, Gd, Eu) 


1173 




1973 


Zr 3 (P0 4 ) 4 


1173 


Sr 0 .sZr 2 (PO 4 ) 3 


1973 


(M«Mg,Mn,Co.Ni) 


1173 



modulus 50 GPa, Rockwell hardness HRA 90, and density 
3200 - 3650 kg/m } ), chemical and radiation resistance, and 
low thermal conductivity makes them suitable for applica- 
tion in products that should have high resistance to thermal 
shock (refractory lining and its elements, fittings for high- 
precision soldering, semiconductor substrates, catalyst carri- 
ers, optical benches), in electronics (ceramic electrolytes, 
bases), in machine building and transport subsystems (engine 
components), and in power engineering (radiation-resistant 
heat-insulating materials, localizing matrices for safe storage 
of radioactive waste). Note that one of the common names 
used for the variable-composition phases Na^^rjPj.^Oij 
with a NZP-like structure is NASICON. Other compounds 
having high ionic conductivity were named LISDCON, 
TITSlCON, etc. Researchers of solid electrolytes who use 
these abbreviations relate samples to their composition and 
not to their structure. On the other hand, specialists in the 
Sphere of ceramics dealing with materials that are structural 
analogs of the phosphate NaZr.,(P0 4 ) 3 prefer the name NZP, 
which describes the family of compounds with the same type 
of structure and skeleton, although the overwhelming major- 
ity of this family are not sodium-bearing compounds and not 
ionic conductors. 

In view of the start of production of NZP ceramics [1] 
and expansion of its application areas, it becomes necessary 
to determining its general regularities relating its composi- 
tion and properties. The purpose of the present study is to de- 
termine the regularities correlating the composition, struc- 
tural transformations, and tbermophysical properties of NZP 
materials, as well as the thermal resistance of ceramics and 
admissible fluctuations of temperatures and its gradients. 
These properties, such as thermal expansion, heat capacity, 
and thermal conductivity, have fundamental significance re- 
gardless of the application areas of these ceramics. 

The most characteristic property depending on the distri- 
bution of the force of the chemical bonds in a structure is 
thermal expansion: the less strong the bonds between the 
atoms, the greater the thermal expansion. For NZP-like lat- 
tices the thermal expansion is determined by the TCLE mea- 
sured parallel to a e and perpendicular to a a , which is the 



main crystal axis, and the average TCLE is a nv - 
(2a fl +a c )/3. 

The majority of little-expanding materials of the NZP 
family [3, 4] have anisotropic thermal expansion and large 
absolute TCLE values and, nevertheless, low average TCLEs, 
for instance NaD 2 (P0 4 ) 3 (D=*Zr. Hf. Ti), RbZr 2 (l>0 4 ) 3 , 
Ca 0>J Zr 2 (PO 4 ) 3 , Cd OJ Zr 2 (P0 4 ) 3 (Table 2).This is due to the 
fact that the TCLE of these particular compounds along the 
directions determined by the crystal symmetry have opposite 
signs. Similarly, the best of the known little-expanding mate- 
rials, such as zircon, cordierite, or quartz glass, have virtually 
zero expansion (a av = (0.5 - 4.2) x 10-* K-' in the tempe- 
rature interval of 273 - 1273 K). The Consequence of differ- 
ent thermal expansion of different components in the volume 
of the article or in different directions in a single-phase mate- 
rials is mechanical stress on the grain boundaries, sufficient 
for causing cracking and disturbing the continuity of articles. 

At the same time, some NZP compounds have low 
thermal anisotropy and low TCLE values (less than 
ZxlO-^'K -1 ). Such properties are found in phosphates 
CsZr 2 (PO„ )j. CsHfj(P0 4 ) s , Cs, 3 Ln 0 jZr, 7 (P0 4 ) 3 
(Ln = Pr. Sm, Gd), Sr Ui4 Zr 2 (P0 4 ) 3 , Ca 0iS _ ^Zr^PO^j, 
Sr 0 ^Zr,^Nb UJ (PO 4 ) 3 (Table 2). These phosphates, due to 
their ultralow thermal expansion, including near-zero TCLEs 
and anisotropic expansion, are capable of withstanding mul- 
tiple sharp fluctuations in thermal loads (thermal shocks) and 
are the most promising for developing thcrmomechunically 
stable materials. 

Based on our studies and tbc results obtained by other 
authors, we determined a system of empirical regularities of 
thermal expansion iu NZP materials [4], which makes it pos- 
sibility to extrapolate these regularities to materials of the 
same structural type that have not yet been studied and per- 
form a justified selection of ceramic compositions with opti- 
mum thermal expansion parameters. 

When a NZP compound, for instance, NaZr 2 (P0 4 ) 3 is 
heated, the weakest bonds Na(Ml)-0 expand much more 
than the strong bonds Zr(L)-0 and P(X)~0; the crystal 
undergoes anisotropic expansion; it expands along the c axis 
and compresses along the a axis. As the result, the average 
TCLE of NZP compounds is very low. A series of com- 
pounds AD 2 (P0 4 ) 3 (D = Ti, Sn, Hf, Zr, A = Na, K) and 
LiGc2(P0 4 ) 3 exhibited a negligibly small variation of the 
size of the polyhedra D(L)0 6 and P0 4 with increasing tem- 
perature; therefore, the skeleton {[L 2 (P0 4 ) 3 ]-} 3(B of such 
compounds has thermal expansion approaching zero. Due to 
the arrangement of the less rigid (extendable) octahedra 
A(M1)0 6 in columns parallel to the c axis (Fig. I), the heal- 
ing ciTcct leads to the expansion of the structure in the direc- 
tion c (o c > 0). In this case we observe a correlated rotation 
of the L0 6 octahedra and phosphor tetrahedra connected by 
their vertexes, and the structure compresses in die direction a 
«x,<0). 

A correlation of the effects of heating and ctystallo- 
chcmical substitution on the geometrical parameters of the 
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crystal lattice shows that with increasing tempe- 
rature an octahedron, for instance Na(Ml)O fi , ex- 
pands but not enough for sodium to be replaced 
by a larger alkaline metal cation and obtain the 
polyhedron A(Ml)O fi that is equivalent in size 
(A ■= K, Rb, or Cs). Therefore, the ciystallo- 
chemical substitution effect and the thermal ex- y^^f 3 
pansion effects have similar features: they are not Rb ^j, , P q { 
equivalent, although they affect the same atomic csZr 2 (P0 4 ) 3 
bonds in the structure. 

Knowing the effect of the occupied and 
cant catioii positions on the thermal expansion of LiTi 2 (P0 4 
a structure, one can predict the thermal expansion NaTi 2 (P0 4 ) 3 
characteristics of NZP materials. The experimen- 
tal data accumulated suggest that Ml positions 
have a deciding effect on TCLE modification. 

In the case of compounds described by the 
general formula AO,(P0 4 ), the positions Ml arc WY 
completely filled by cations A + and the positions Ba,) 
M2 are vacant If an occupied octahedron A0 6 is 
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KTi 2 (PD 4 )3 
LiGe 2 (P0 4 ) 3 
Ca 0Ji Zr 2 (PO 4 ) 3 
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-8.00 
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2,63 27,50 

-0,40 2,10 
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3.40 

2.12 



26.10 
6.70 



-Z57 
2.24 
-3.50 



22% 
10.20 



Bn 1.J7J Zf 4 P S.35 Si 0.75 O 24 

Sr M Hfj(PO„)j 



already extended along the crystallographic c axis ca^TUCPO^j 
at room temperature due to the introduction of a Sr[ J ^(PO*)} 
larger cation, the further expansion of the struc- C»oj25S r Q^Zr 2 (P0 4 )j 



Sr 0J , 5 Zr,. s Nb 0 ^(PO 4 ) 3 
Na 3 CdZr(P0 4 ) 3 
Cs l: ,Pr 0 ,3Zr 1 . v (PO 4 )3 



NbZr(P0 4 ) 3 
MgojjNbL^PO^ 
Co M ,Wb, i47 (K)4) J 
Ni 0J3 >n>t.«(J , O 4 ), 
A^Nb^PO^ 
F C0 . 5 Nb, J (PO 4 ) 3 



;r expansion 
ture along the c axis in heating will be : 
by the bridge P0 4 letrahedra that connect the 
skeletal framework columns. For instance, the ax- 
ial coefficients in the phosphates scries Cs 1 , 3 Sm 0 ,jZr 1 , 7 CPO 4 )j 
AD 2 (P0 4 ), (A=Na, K, Rb, Cs; D = Zr, Hi) in CsyGd^Zr,.^), 
the temperature range from 293 to 1073 K are 
within foe touts :a a = (--S to -0.56) x l0" fi K-', 
oLp- (22.3 - 0.45) x lO-'K-' passing from the 
composition with Na (ionic radius r No * = 1.02 A) 
to the composition with Cs (r + = 1.67 A). 
TCLEs approaching zero and nearly zero aniso- 
tropy of the axial expansion arc reached in the 
compounds CsD 2 (P0 4 ) 3 (D = Zr, Hf) {Table 2). Here a ge- 
neral tendency is observed: the larger cation filling the 
non-skeletal position Ml decreases both thermal expansion 
and the anisolropy of thermal expansion. The expansion - 
compression effects are the lowest in compounds with the 
smallest structure-forming cations D of the skeleton and 
grow as the size of the cation D increases. This relationship 
is determined by the fact that the more polarized metal ion to 
a greater extent localizes electron density ou the bonds 
P-0-(D) and the double rotation of the P0 4 tetrahedron 
and D0 6 octahedron under a change of temperature becomes 
less facile. 

The presence of a 3D canal lattice in the NZP structure 
enables the migration of Li + and Na + cation from fully occu- 
pied Ml positions to vacant M2 positions as the temperature 
increases. This process is accompanied by more intense re- 
pulsion between the oxygen ion chains around the vacant Ml 
positions, which increases a c . Thus, for LiTi,(P0 4 ) 3 the dis- 
ordering of lithium cations with respect to positions Ml and 
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M2 under heating leads to the maximum TCLE along the c 
axis (« t . = 30.8 x 1 0 ' 6 K " 1 ) of all the NZP materials. 

If the filling of positions Ml is lower than unity and the 
positions M2 arc vacant, which occurs, for instance, in com- 
pounds of the type B 0S D 2 (PO 4 ) 3 (B = Ca, Sr, Cd; Ba; D = Ti, 
Zr) or Ln 0 J3 D 2 (P0 4 )j, it is necessary to lake into account the 
contribution of the cation-fitled and vacant Ml positions to 
the relative expansion - compression of the structure with in- 
creasing temperature, It has been noted that the filling of Ml 
positions expands the structure along the c axis and com- 
presses it along the a axis. At the same time, vacant Ml posi- 
tions can either expand or compress in heating. In this case 
the electrostatic mutual attraction of the cation in the position 
Ml and the oxygen ion disappears, and the size of the vacant 
Ml position is controlled by the O - O contact depending on 
the value and the charge of the cations in the filled Ml posi- 
tion and in the skeletal framework. Thus, in the structures 
Cd 03 Zr 2 (PO 4 ) 3 and 0% y£r,(P0 4 ) 3 the vacant positions Ml 
expand with increasing temperature and in Sr M Ti 2 (P0 4 ) 3 
they become compressed. By combining NZP compounds 
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TCLE,lO-*K-» TCLE.10- S K-" 




2 3 4 0 I 2 3*4 



Fig. 2. Dependence of TCLE a„ (/) nnd a, (//) on the degree of 
fltling M-positions in phosphates: a) NOj.^BjZrfPOJj, where 
B»Me(/), Ca(2). Sf(i); b) Na, ,Nb;2r, ,(POJ, (<0, 
N^m^wJPO*), (J). Na.^P^SLP,, " (6-), 
Na, « >r Y/r,./P0 4 ) > (7), Na, ^.Me^.^PO,), <f ). 

with TCLEs that arc close in values and opposite in signs and 
can form wide ranges of solid solutions, it is possible to de- 
sign ceramic compositions with a controllable TCLE, includ- 
ing an extralow TCLE with minimal anisotropy and, accord- 
ingly, resistant to microcracking under sharp temperature 
fluctuations. For instance, ceramic materials based on the 
compounds Cnq^^r JZr 2 {PQ t ) } and K^r^.^Z^PQ^), 
have thermal anisotropy close to zero [11, 16]. This is due to 
the fact that KZr 2 (P0 4 ) 3 and Ca 0iJ Zr 5 ,(P6 4 ) 3 have positive 
TCLEs along the c axis (a,. > 0) and negative values along 
the a axis (a n <0), whereas Sr 0 5 2r 2 (P0 4 ) 3 has positive 
TCLE with (a ff >a < .). Consequently, intermediate composi- 
tions with close to zero expansion anisotropy may exist be- 
tween the end members of the solid solution series. The re- 
sults of the research established that ceramic materials of 
the compositions K 02 Sr M Zr,(P0 4 ), (<*„,= 3.1 x 10 "*K-', 
I a, - a e \ - 0.95 x 10-* K- 1 ) and Ca 025 Sr ( , i25 Zr J (PO 4 ) 3 
(<x„ v = -0.1 x 10- 6 K-', Ia fl -aj - 1,8 x lO-'k" 1 ) have 
minimal thermal anisotropy. 

If the positions Ml and M2 are not filled (with the skele- 
tal charge p = 0), the rotations of die polyhedra are less in- 
tense and the intensity of the thermal expansion of the lattice 
of the "empty" skeletal changes as the ionic radius of the 
atom in the L position changes. Under thermal loading the 
expansion - compression of the lattice along the c axis due to 
the presence of vacancies in the direction c depends on the 
strength of the O - 0 and L-O bonds. The average TCLE 
a ttV of the empty skeletons changes from - 1 x 10" 6 to 
1 x 10- 6 K-', 

The crystallochemical nature of thermal deformations is 
more complex when the positions Ml are vacant and M2 are 
filled with cations. Thus, most compounds Na,Rj(P0 4 ) 3 
(R = Sc, Ti, V, Cr, Fe, V, In. Yb) undergo reversible phase 
transformations consisting in the adaptation of the structure 
to the changing exterior conditions (temperature, or specifics 



of the synthesis of samples). The existence ofpolymorphism 
in the compounds A 3 R 2 (P0 4 ) 3 (A = Li, Na) restricts the pos- 
sibility of their application as high-strength and crack-resis- 
tant materials. The data on the thermal expansion of coin- 
pounds with totally filled M2 positions and vacant Ml posi- 
tions are limited to a few sodium-bearing phosphates. The 
ceramics based on these phosphates are highly-expanding 
materials («„„> (6-8) x lO-'-K" 1 ), since the average 
TCLE value of the oxygen polyhedra containing Na is high. 

Substitution with filling space Zr* + -> Na + + R 3+ in the 
crystal structure NaZr 2 (P0 4 ) 3 leads to the formation of solid 
solutions Na. i+ JljZr 2 _ x (?Q 4 ) y in which cations partly fill 
Ml and M2 positions. Three effects are observed in such 
substitutions with filling space: an increasing filling of M2 
positions, which causes the skeleton to expand along the a 
axis and compressing along the c axis; a change in the num- 
ber of vacancies in Ml positions leading to the expansion - 
compression of the Ml positions (vacancies); a very insignif- 
icant skeleton expansion due to the replacement of some Zt* 1 " 
cations by larger cations. The dependences of the TCLE (a a 
and ct c ) on the degree of filling of the M-positions in Ihe 
compounds and solid solutions investigated by us [5, 17] or 
described in the literature [13]: Na,_ 4< Zr,Zr(P0 4 ) 3 , 
Na 5 _^,Zr(P0 4 ) 3 (B = Mg, Ca. Sr), Na J _ Jir Fo i Zr(P0 4 ) J , 
Na, .^r, _,(P0 4 ) 3 , Na, ^(P^i^O,,, 

Na, +jr Y a Zr 2-;r (P0 4 ) 3 , and Na, + ^Mg^Zr, _ ( (P0 4 ) 3 are com- 
plex and nonmonotonic. 

With increasing degree of filling of the M-positions, the 
TCLE along the a axis (a„) is usually negative (Fig. 2); 
sometimes it grows and transforms from a negative into a 
positive one, whereas a c remains large (a e > 0). This ten- 
dency persists up to the filling M-positions equal to 1 - 2.5. 
The axial anisotropy in this case is the lowest. As the filling 
of M-positions grows from 2 - 2,5 to 3.5, the TCLEs for both 
directions may be positive, whereas a a usually decreases and 
the anisotropy increases again. This change in the TCLE may 
be explained as follows. Under a certain degree of filling of 
the positions M 1 and M2, the thermal expansion effect along 
the a axis becomes comparable to the expansion effect along 
the c axis, and later on expansion along the c axis may be- 
come the predominant one. 

With tuH occupancy of MI and M2 positions by cations, 
for instance in the phosphate Na s Zr(P0 4 ) 3 , the deciding ef- 
fect in thermal expansion parameters is exerted by the size of 
the cation in the M-positions and the average thermal expan- 
sion of the metal (M + )- oxygen bond. One can expect a de- 
crease in the absolute values of a,, and % and a decrease in 
anisotropy as the size of the cations filling all M-positions 
grows. 

The above regularities of thermal expansion of NZP-type 
compounds provide a scientific interpretation of the pro- 
cesses of formation of materials with required properties, 
i,e., makes it possible to deliberately design new ceramic ma- 
terials with controlled TCLE, including a low TCLE with 
near-zero anisotropy. 



Thcrmophysical Properties of NZP Ceramics 



237 



The precision determination of the heal capacity that 
characterizes the quantity of thermal energy required for a 
Certain change in the temperature of the material and thermal 
conductivity that characterizes the quantity of heat transmit- 
ted through the material under a preset temperature gradient 
are labor-consuming operations. That is why data on heat ca- 
pacity and thermal conductivity are limited to a few repre- 
sentatives ofthe NZP family. 

The heat capacity of different materials in the NZP fam- 
ily is 0.5-I.0J/(g-K) in the temperature interval of 
273-623 K (Fig. 3). An important property of specific heat 
is that it is independence ofthe microstructure of the material 
(apparent density, porosity, distribution of pores by shape 
and size) at high temperatures. The heat capacity of most ma- 
terials investigated grows monotonically with increasing 
temperature and change insignificantly at temperatures 
above 500 K. The heat capacity curves of NajZ^PO,, ) 3 , 
N0jFe 3 (PO 4 },, and Na 3 Cr 2 (P0 4 ) 3 exhibit anomalies (phase 
transformations) related either to a modification of the posi- 
tion ordering of sodium cations in the skeletal vacancies of 
the first compound (transformation temperature 406.9 K) or 
to the processes of antiferromagnctic ordering for the two 
latter compounds (at temperatures of 47 and 12 K. respec- 
tively). 

Data on heat capacity and other thermodynamic func- 
tions are needed to study the thermodynamic aspect of syn- 
thesis and stability of NZP materials. The use of therraody- 
< mimic methods makes it possible to learn which of the possi- 
i ble chemical reactions may occur spontaneously at the preset 
conditions (temperature, pressure, concentration) and how 
the conditions should be modified for the specified process 
to proceed in a required direction with a sufficient product 
yield. 

The initial materials in solid-phase synthesis of NZP ce- 
ramics arc usually alkali metal salts, zirconium oxide, and 
ammonium dihydrophosphale (the chemical formulas of the 
compounds are followed by a letter in brackets indicating 
their physical state: "c" for crystal and "g" for gas): 

NaCl(c) + 2Zr0 2 (c) + 3NH 4 H 2 P0 4 (c) -> 
NaZr 2 (P0 4 )j(c) + 3NH 3 (g) + 4H 2 0(g) + HCl(g); (1) 



C£.Vte-K> 




0 . 200 *X> frOO 7", K 



Fig. 3. Ttsmpemturis dependences of heat capacity C° of eiysialKnc 
compounds: Na s Zr(P0 4 ) 3 (/ ). Na 3 Cr,(P0 4 ) 3 (2). Na,MgZr(P0 4 ), 
(J). Na^PO,), (<0, ■Nu/r^oV 0)> N^ZrjSijPO^ 
NaZrj(P0 4 ), (7) and CsZrj(P0 4 ), (fi ). 



tivc rcactants. The entropy (the measures of irreversible en- 
ergy dissipation) ofthe reactions A,S° (298) were calculated 
based on the values ofthe absolute entropy ofthe rcactants at 
the temperature specified. The standard thermodynamic 
functions A,.// 0 (7") and &,S°(T) at temperatures T above 
298.15 K were calculated based on general thermodynamic 
relations provided that the algebraic sum of the heat capaci- 
ties of the rcactants taking into account their stoichiometric 
coefficients A(« C° ) at 298.) 5 K is constant in the tempera- 
ture interval from 298.15 K to T. 

A,* 0 {T) = A r ff° (298) + A(« C° p ){T- 298.15); 

A r S° (7 1 ) = A,S° (298) + A(* C° ) In (7/298. 1 5). 

The standard Gibbs function Of the reactions at all tem- 
peratures was calculated from the equation 

A, G° CD = A r tf ° (D - 7A r S° (7). 

If A,G° < 0, the reaction tends to be spontaneous in the 
direction "rcactants -> products." 



CsCl(c) + 2Zr0 2 (c) ■*■ 3NM 4 H 2 F0 4 (c) -> 
CsZr 2 (PO 4 ) 3 (0 + 3NH 3 (g) + 4H 2 0(g) + HCl(g); (2) 

5NaCl(c) + ZrQ 2 (c) + 3NH 4 H 2 P0 4 (c) -> 
Na s Zr(P0 4 )3(c) + 3NH 3 ( E ) + 2H 2 0(g) + 5HCI(g). (3) 

To analyze the conditions of the formation of 
NZP products, standard thermodynamic functions 
for their reactions of synthesis have been calculated 
(Table 3). The enthalpy (thermal effects) ofthe re- 
actions considered A,// 0 (298) at a temperature of 
298.15 K were calculated in accordance with the 
Hess law based on the standard formation enthalpy 
at the same temperature A^/°(298) of the respec- 



Compound 




-A// 0 (298). 

u/e 




-A,<5°(298). 
W/8 


Published 
source 


NaZrjfPCg, 


0.6238 


10,67 


2.25 


10,00 


[18] 


KZr,(PO,) 3 




10.43 






[If] 


RbZr 2 (P0 4 >j 




9.59 






im 


CsZr 2 (P0 4 ) ? 


0.5122 


8,83 


1.88 


8.27 


[19] 


NBjZrfPO^j 


0.7919 


11.37 


2,36 


10.67 


[20] 




0.7586 




2,51 




[21] 


Na 3 Cr 2 (P0 4 ) 3 


0J570 




2,62 




[21] 


Na 3 MgZi<P0 4 )j 


0.7473 




2.55 




[21] 


Na^ZrjSijPOu 


0.6623 


10.96 


2.09 


10.34 


[22] 


Nn4Zr 2 Si 3 0 I2 


0.6632 


11.41 


2,08 


10,79 


[22] 
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200 «00 1000 1400 7.K 

Fig. 4. Temperature dependences of thermal conductivity X. of 
high-density (i - J) and low-density (6-9) types ofNZP ceramics: 
Cu 0 .M^Zr/PO, ) 6 (/ ), C B(1 ,Zr 4(ls (P0 4 )„ (2 ). Ca^L^Zr.fPO, ) e 
(J). Ca^Mg^CPOJ, (4). Ca w Mg 0J Zr,(Pq l ) 6 (J). Zt,(P0 4 ) A 
(6), CsZrj(P0 4 ) a (7). NoZr 2 (P0 4 ), (8 ). and Na 5 Zr(P0 4 ), (9). 

It can be seen from the data in Tabic 4 that the reactions 
used Tor the synthesis orNZP materials are endothermic. The 
Gibbs functions at 298.15 K of the reactions of synthesis are 
positive, i.e., the equilibrium at the temperatures specified is 
shifted toward the initial materials. The syndiesis tempera- 
tures above which the processes (1)- (3) are thermodynami- 
cally resolved at a standard pressure are not high and amount 
to approximately 430 K forNaZr 2 (P0 4 ) 3 , about 410 K for 
CsZrj(P0 4 ), and about 570 K. for Na 3 Zr(P0 4 )-,. For this rea- 
son t ceramic technology is a common method for producing 
NZP materials. 

To predict application areas for NZP ceramics and im- 
prove their production technologies, one has to know the rate 
of temperature change in the article under heat treatment or 
during service, i.e., its thermal conductivity and heal capac- 
ity. The thermal conductivity of ceramics depends both on its 
crystal structure (the more complicated is the crystal lattice 
and the more defective its structure, the lower is the thermal 
conductivity) and its ceramic structure (organization of crys- 
tallites of the same or different compositions in the volume 
of polycrystallinc bodies). The temperature dependences of 
the thermal conductivity of known high-density (porosity be- 
low 1 0%) and low-density (porosity 26 - 38%) kinds of NZP 
ceramics are shown in Fig. 4. It can be seen that the 
dependences within the temperature interval considered have 
no peculiarities and the thermal conductivity grows smoothly 



with increasing temperature. The dependence of the thermal 
conductivity of NZP ceramics on its porosity is obvious- in 
the physical context. As the thermal conductivity of low-den- 
sity ceramics is an intermediate value between the thermal 
conductivity of the main material and die thermal conducdv- 
ity of air contained in the pores between the particles, it is 
evident that due to the large difference between the thermal 
conductivity or the solid and gaseous phases, the looser ce- 
ramic with a higher Content of air and with intense distur- 
bance of intergrain contacts will have the lower thermal con- 
ductivity. For low-density materials the diermal conductivity 
with zero porosity can be calculated from the formula [23] 

j^X '^(l-WM^A.,*))"' 

" 0 l-^a-wwoAa+i)"' 4 

where X, X 0 , and \ are the thermal conductivities of the po- 
rous body, its solid phase, and the gas (air) in its pores, re- 
spectively; V f is the volume fraction of pores in the porous 
body. 

The calculated thermal conductivity values with zero po- 
rosity within the temperature interval of 298 - 673 K are 
equal to (W/(m ■ K)): 0.6-1.1 for Zr,(P0 4 ),, 0.6 - 0.9 for 
NaZr 2 (P0 4 ) 3 , 0.7-1.1 for CsZr 5 (P0 4 ) 3 and 0.4-0.7 for 
Na 5 Zr(P0 4 ) 3 [24], These values satisfactorily agree with the 
data on the thermal conductivity of higb-density NZP cera- 
mics {X = 0.6-1 .4 W/(m • K), 298 < T< 873 K) [25] (U.S. 
patent No. 5102836). Thermal conductivity in thermal calcu- 
lations is usually taken as the mean working temperature of a 
particular product (material). 

It is notable that despite the spread in thermal conducti- 
vity values found in the literature caused by the chemical and 
phase compositions of the tested NZP materials, specifics of 
their crystal structure (valence of ions, their distribution in 
the crystal lattice, type and number of defects, the type of 
chemical bond), microstructural organization (size, disper- 
sion, shape of grains, and porosity type), as well as specifics 
of measuring methods, NZP ceramics has lower thermal con- 
ductivity than industrial stabilized zirconium dioxide 
(1.95 - 2,44 W/(m ■ K.)) in the temperature interval of 373 - 
1673 K), which is the main component in widely used 
refractories for heat-enclosing structures of high-tcmpcrature 
furnaces. Ultralow thermal conductivity, high melting tem- 
peratures, ultralow thermal expansion with nearly zero aniso- 



TABLE 4 



t,k. 


V/"<W& for reaction 


J/(g ■ K), for rcoolion 


A r G", W/&ibr- rc 




(1) 


(2) 


(3) 


(1) 


(2) 


(3) 


(') (2) 


(3) 


298.15 


1.061 


0.802 


1.679 


2.484 


1.990 


2.964 


0,320 0.208 


0.796 


400 


t.058 


0.799 


1.674 


2.476 


1.983 


2.947 


0.068 0.006 


0,495 


450 


1.057 


0.798 


1.671 


2.474 


1.980 


2.941 


-0.007 -0.093 


0.347 


500 


1.055 


0.797 


I.66S 


2-469 


1.978 


2.935 


-0.180 -0.192 


0.201 


550 


1.054 


0.796 


1.665 


2.467 


1.976 


2.930 


-0.303 -0,291 


0.054 


600 


1.052 


0.794 


1.663 


2.464 


1.974 


2.925 


-0.426 -0.390 


-0.092 
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tropy, and chemical and radiation resistance suggest that 
NZP ceramics are promising heat-insulating materials ex- 
ceeding the known high-tcmpcraturc insulators [23] in their 
capacity to withstand thermal shocks. 

Considering the growing interest in the industrial pro- 
duction of NZP ceramics that have a unique set of physical 
and physicochemical properties fortunately combined in the 
same material and using the results of analysis of its thcrmo- 
physical properties, taking into account crystallochcmical 
data and chemical compositions will make it possible to de- 
velop new types of ceramics capable of resisting thermal 
shocks and possessing the required level of thermophysical 
parameters. 

The study was performed with financial support of the 
Russian Fund of Fundamental Researcli (project 02-03-32 J 81). 
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